Abstract. 4-Hydroxy-3-methoxybenzaldehyde (vanillin), contained in a number of species of plant, has been reported to display beneficial effects against brain injuries. In the present study, the impact of vanillin on scopolamine-induced alterations in cognition and the expression of DNA binding protein inhibitor ID-1 (ID1), one of the inhibitors of DNA binding/differentiation proteins that regulate gene transcription, in the mouse hippocampus. Mice were treated with 1 mg/kg scopolamine with or without 40 mg/kg vanillin once daily for 4 weeks. Scopolamine-induced cognitive impairment was observed from 1 week and was deemed to be severe 4 weeks following the administration of scopolamine. However, treatment with vanillin in scopolamine-treated mice markedly attenuated cognitive impairment 4 weeks following treatment with scopolamine. ID1-immunoreactive cells were revealed in the hippocampus of vehicle-treated mice, and were hardly detected 4 weeks following treatment with scopolamine. However, treatment with vanillin in scopolamine-treated mice markedly restored ID1-immunoreactive cells and expression 4 weeks subsequent to treatment. The results of the present study suggested that vanillin may be beneficial for cognitive impairment, by preventing the reduction of ID1 expression which may be associated with cognitive impairment.
Introduction
The hippocampus is an important component of the limbic system and serves a role in regulating emotionality and cognitive processes, including memory consolidation, learning, and information retrieval (1) (2) (3) (4) . The loss of cholinergic function in the hippocampus is correlated with marked cognitive impairment (5, 6) .
Scopolamine, a muscarinic acetylcholine receptor antagonist, interferes with cholinergic transmission in the brain (7) . It has been reported that scopolamine may impair memory performance in humans and animals (8) and that scopolamine may induce dysregulation of cholinergic activity in the hippocampus, leading to impairments in learning and memory (9, 10) . Therefore, scopolamine has been used for the induction of learning and memory impairment in experimental animals (11) (12) (13) .
4-Hydroxy-3-methoxybenzaldehyde (vanillin) is a phenolic constituent synthesized by various types of plants, including Gastrodia elata Blume (Orchidaceae) (14, 15) . Previous studies have suggested that vanillin has a variety of beneficial effects against brain injuries via a number of therapeutic properties, including anti-inflammatory, antioxidant and anti-cancer activities (16) (17) (18) (19) . For example, vanillin administered following cerebral ischemia prevented neuronal damage/death in the CA1 area of the hippocampus in gerbils (20) . However, few studies
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regarding effects of vanillin against scopolamine-induced cognitive impairment have been reported. DNA binding protein inhibitor (ID) proteins control gene transcription via inhibitory binding to basic helix-loop-helix (bHLH) transcription factors, and four members of this protein family (ID1, 2, 3 and 4) have been identified in mammals (21) (22) (23) (24) . Members of the ID protein family share a highly conserved bHLH domain and are similar in size (13) (14) (15) (16) (17) (18) (19) (20) ; however, these proteins display extensive sequence variation outside the bHLH domain (25) . ID proteins, as transcription factors, serve roles in cell cycle regulation and apoptosis, the development of the nervous system, muscle development and tumorigenesis (24, 26, 27) . It has been reported that ID1-imunoreactive cells are γ-aminobutyric acid (GABA) ergic interneurons in the gerbil hippocampus (28) , and that GABAergic neuronal dysfunction is responsible for network alteration associated with cognitive deficits in Alzheimer's disease and aging (29) (30) (31) . To the best of our knowledge, however, few studies regarding alterations in ID1 expression in animal models of scopolamine-induced cognitive deficits have been reported. Therefore, the present study examined the long-term effects of treatment with vanillin on scopolamine-induced cognitive impairment and alterations in ID1 expression in the mouse hippocampus.
Materials and methods
Experimental animals. A total of 210 male ICR mice (25-30 g body weight; 8 weeks of age) were used, and were handled according to the guidelines of the current international laws and policies (Guide for the Care and Use of Laboratory Animals, The National Academies Press, 8th Ed., 2011). The present study was approved based on ethical procedures and scientific care by the Kangwon National University Institutional Animal Care and Use Committee (approval no. KW-130424-2). The mice were maintained under a 12 h light/dark cycle at 23˚C and 60% humidity with free access to food and water.
Animals (n=70/group) were intraperitoneally injected with 1 mg/kg scopolamine (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) once daily for 4 weeks. The scopolamine dose was selected based on previously published studies (32, 33) . Scopolamine-treated animals were simultaneously administered 40 mg/kg vanillin (Sigma-Aldrich; Merck KGaA), which was suspended in 1 ml 10% Tween-80 solution. The vanillin dose was selected based on a previous study (20) and was orally administered using a feeding needle once daily for 4 weeks. Vehicle -treated control mice were treated with the same volume of saline. Mice were sacrificed at 1, 2, 3 and 4 weeks following treatment with saline or scopolamine + vanillin (n=14 at each time point). The mice were weighed twice per week; no significant differences were observed in body weight between all the groups (data not shown).
Passive avoidance test. Short-term memory capacity was determined by assessing the latency in a passive avoidance test, according to the method of Horisawa et al (34) . The test was performed with an apparatus consisting of light and dark compartments with a grid floor (GEM 392; San Diego Instruments, Inc., San Diego, CA, USA). In the training session, mice were permitted to explore the environments of the two compartments for 1 min, and the mice were administered an inescapable foot shock (0.3 mA for 3 sec) upon entering the dark compartment. The test session was performed 15 min subsequent to the training session, without applying the foot shock. The latency time of the passive avoidance test was defined as the difference between the start of the test session and the entry of the mouse into the dark compartment. Latency was recorded as 180 sec when the mouse did not enter the dark compartment within 180 sec.
Water maze performance. Spatial learning and memory were tested using the Morris water maze task, using the procedure of Wang et al (35) . A circular pool of 90 cm in diameter and 45 cm in height was filled with water and divided into 4 sectors. A platform of 6 cm in diameter and 29 cm in height was placed in one sector, 1 cm below the surface of the water. Training was performed for 3 consecutive days prior to the test. The test was performed on the last day of each week. Mice were permitted to swim for 120 sec to search for the hidden platform. At the end of each trial, each mouse remained on the platform for 3 sec. The escape latency, the time taken to find the platform, was recorded using the Noldus Ethovision video tracking system (Ethovision XT; Noldus Information Technology B.V., Wageningen, The Netherlands).
Western blot analysis. ID1 levels in the mouse hippocampus (n=7 at each time point) were analyzed using a previously-published method (28) . Hippocampal tissues were homogenized and ID1 levels were determined using a micro bicinchoninic acid (BCA) protein assay kit (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Nitrocellulose transfer membranes (Pall Life Sciences, Port Washington, NY, USA) were incubated with rabbit anti-ID1 (1:1,000; sc-488; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), β-actin (1:2,000, sc-47778; Santa Cruz Biotechnology, Inc.) and exposed to peroxidase-conjugated goat anti-rabbit immunoglobulin G (1:2,000; sc-2004; Santa Cruz Biotechnology, Inc.) for 2 h at 4˚C and an enhanced luminol-based chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.). The results of this analysis were scanned and densitometric analysis, as the relative optical density (ROD), was used for quantification of the bands using Scion Image software, version 2.0 (Scion Corporation, Frederick, MD, USA). A ratio of the ROD was calibrated as a percentage, with control mice designated as 100%.
Tissue processing for histology. In short, as previously described (30), mice were anaesthetized (n=7 at each time point) with sodium pentobarbital (30 mg/kg; intraperitoneal injection) and tissues were fixed with 4% paraformaldehyde for 6 h at 4˚C. The brains were serially sectioned into 30-µm coronal sections using a cryostat (Leica Microsystem GmbH, Wetzlar, Germany).
Fluoro-Jade B (F-J B) histofluorescence.
In order to observe the localization of neuronal degeneration, F-J B histofluorescence staining was performed, according to a previously-published procedure (36) . The sections were immersed in a 0.06% potassium permanganate solution and stained with 0.0004% F-J B (Histo-Chem, Inc., Jefferson, AR, USA) staining solution. The stained tissues were analyzed using an epifluorescent microscope (magnification, x200; Zeiss AG, Oberkochen, Germany) with blue (450-490 nm) excitation light and a barrier filter.
Immunohistochemistr y. Immunohistochemistr y for NeuN (a neuronal marker) and ID1 was performed using a published procedure (28) . The sections were incubated in mouse anti-NeuN (1:800; MAB377; EMD Millipore, Billerica, MA, USA) or rabbit anti-ID1 ( Quantitative analysis of ID1 immunoreactivity was performed as previously described (37) . In short, seven sections per animal were selected. Digital images of ID1-immunoreactive structures were captured with an AxioM1 light microscope (Zeiss AG) equipped with a digital camera (Axiocam; Zeiss AG) connected to a PC monitor, and the density of the structures was evaluated based on optical density (OD), which was obtained following the transformation of the mean gray level using the formula: OD=log (256/mean gray level). Background density in the images was subtracted, and brightness and contrast were calibrated as a percentage (ROD) using Adobe Photoshop version 8.0 (Adobe Systems, Inc., San Jose, CA, USA) and analyzed using ImageJ software, version 1.59 (National Institutes of Health, Bethesda, MD, USA). A ratio of the ROD was calibrated as a percentage, with control mice designated as 100%.
Statistical analysis. Data are expressed as the mean ± standard error of the mean. The test of normality was performed using the Kolmogorov and Smirnov test for assessing normal distributions, and the Bartlett test for assessing identical standard distributions. All data passed the normality test. A multiple-sample comparison was applied to test the differences between groups (analysis of variance and the Tukey multiple range test as post hoc test using the criterion of the least significant differences). Statistical analysis was performed using GraphPad Prism, version 4.0 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Passive avoidance test. The passive avoidance test was performed to examine the protective effect of vanillin against scopolamine-induced learning and memory defects (Fig. 1A) . No significant difference was observed in the latency time over the 4 weeks in the vehicle-treated mice. However, a reduction in the latency time was observed in the scopolamine-treated mice; the latency time was significantly decreased at 1 week post-treatment with scopolamine, and the decreased latency time was maintained until 4 weeks (Fig. 1A) . Cotreatment with scopolamine and vanillin improved the reduction of the latency time from 2 weeks following the cotreatment, and the decreased latency times was significantly recovered 4 weeks subsequent to the cotreatment (Fig. 1A) .
Morris water maze test. The Morris water maze test was performed to investigate the effect of vanillin against scopolamine-induced spatial memory impairment. As presented in Fig. 1B , the vehicle-treated mice readily learned and memorized the position of the submerged hidden platform, and exhibited significantly decreased escape latency at 4 weeks post-training. However, in the scopolamine-treated mice, the escape latency was significantly longer compared with the vehicle-treated mice at 1 week following treatment with scopolamine, and the increased escape latency was maintained until 4 weeks (Fig. 1B) . Cotreatment with scopolamine and vanillin improved the escape latency from 2 weeks following the cotreatment, and significantly recovered the escape latency at 4 weeks subsequent to the cotreatment (Fig. 1B) .
ID-1 protein levels.
According to the results of the western blot analysis, the level of ID-1 protein in the scopolamine-treated mice gradually decreased from 1 week following treatment with scopolamine compared with the vehicle-treated mice, and was significantly decreased at 2 and 4 weeks post-treatment with scopolamine (Fig. 2) . However, cotreatment with scopolamine and vanillin increased the ID-1 protein level to a level consistent with that in the vehicle-treated mice at 4 weeks subsequent to the cotreatment (Fig. 2) .
Neuronal damage. Neuronal damage following treatment with scopolamine was examined in the hippocampus via NeuN immunohistochemistry and F-J B histofluorescence staining (data not shown). NeuN-immunoreactive cells were observed in the pyramidal layer of the hippocampus (CA1-3 areas) and in the granule cell layer of the dentate gyrus of the vehicle-treated mice. The morphology of NeuN-immunoreactive cells in the scopolamine-treated mice was consistent with that in the vehicle-treated mice. In addition, F-J B-positive cells, which are damaged cells, were not observed in any regions of the scopolamine-treated mice. This result was consistent with the results of previous studies (10, 33) . These findings indicated that treatment with scopolamine did not evoke neuronal death in the hippocampus. Fig. 3 . ID-1-immunoreactive cells were distributed in all layers of the CA1 area in the vehicle-treated mice (Fig. 3A) . In the scopolamine-treated mice, ID-1 immunoreactivity was gradually decreased from 1 week following treatment with scopolamine, and ID-1 immunoreactivity was markedly decreased at 4 weeks post-treatment with scopolamine ( Fig. 3B-D) . However, the distribution pattern of ID-1-immunoreactive structures in the scopolamine and vanillin-cotreated mice was similar to that in the vehicle-treated mice (Fig. 3E) . In addition, the ROD of ID-1 immunoreactivity in the hippocampal areas are presented in Fig. 3P-R. CA2/3 area. The pattern of ID-1-immunoreactive structures in the CA2/3 area following treatment with scopolamine was broadly similar to the alteration in ID-1-immunoreactivity in the CA1 area (Fig. 3F-I ). Cotreatment with scopolamine and vanillin generated results similar to those in the CA1 area (Fig. 3J) .
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Dentate gyrus. ID-1-immunoreactive cells were primarily distributed in the polymorphic layer in the vehicle-treated mice (Fig. 3K) . At 1 week post-treatment with scopolamine, ID-1 immunoreactive cells and immunoreactivity were markedly decreased (Fig. 3L) . Thereafter, ID-1 immunoreactivity was gradually decreased following scopolamine treatment ( Fig. 3M and N) . However, ID-1-immunoreactivity in the co-treated mice was similar to that in the vehicle-treated mice at 4 weeks post-cotreatment (Fig. 3O) .
Discussion
The passive avoidance test is a measurement of learning and memory based on avoidance of a fear-inducing stimulus. In the passive avoidance test, rodents naturally prefer dark compartments; however, receiving an electric shock in the dark compartment causes a conflict to this tendency (38) . The Morris water maze test is performed to assess spatial memory in rodents (39, 40) . In the present study, chronic systemic treatment with scopolamine induced an impairment in learning and memory, and spatial memory, in mice from 1 week post-treatment, and the impairment deteriorated over time, as observed in the passive avoidance and water maze tests. Based on the above previous reports and the results of the present study, chronic systemic treatment with scopolamine may be a viable method for developing cognitive impairment in rodents.
The results of the present study demonstrated that no neuronal loss was present in the mouse hippocampus following treatment with scopolamine for 4 weeks via NeuN immunohistochemistry and F-J B histofluorescence, proven histological methods for the examination of neuronal death or loss in the brain. Recently, it was reported that chronic treatment with scopolamine induced a significant reduction in neurogenesis of the hippocampal dentate gyrus in mice, closely associated with hippocampus-dependent learning and memory, without loss of neurons in the mouse dentate gyrus (33) . This previous result indicated that chronic systemic treatment with scopolamine may induce cognitive deficits without neuronal loss in the mouse hippocampus.
The present study evaluated the effects of vanillin on scopolamine-induced cognitive impairment using passive avoidance and the Morris water maze tests in mice, and revealed that treatment with vanillin significantly attenuated cognitive impairment induced by scopolamine. Vanillin has been demonstrated to display multifunctional effects, including anti-inflammatory, antioxidant and anti-cancer effects (16) (17) (18) (19) . Recently, Gupta and Sharma (41) demonstrated that vanillin markedly attenuated learning and memory deficits in a rat model of Huntington's disease induced by 3-nitropropionic acid. It is known that scopolamine causes cognitive impairments by decreasing central cholinergic activity in experimental animals (42) (43) (44) . In addition, Shi et al (45) reported that long-term scopolamine injections led to cognitive deficits, closely associated with cyclic-AMP responsive element-binding protein signaling activity in the cerebral cortex and dorsal hippocampus in rats.
Recently, it was reported that vanillin and 4-hydroxybenzyl alcohol effectively attenuated learning and memory impairment, and the reduction of cell proliferation and neuroblast differentiation, in the mouse hippocampal dentate gyrus following treatment with scopolamine (46) . This previous result indicated that vanillin may reverse the scopolamine-induced decrease in cell proliferation and neuroblast differentiation in the hippocampal dentate gyrus. In this regard, adult neurogenesis in the hippocampus is implicated in learning and memory processes (47) . ID proteins are included in a number of physiological and pathological processes, including cell growth, differentiation, senescence and survival (24, 26, 27) . In particular, ID proteins serve important roles in adult neurogenesis through the regulation of quiescence and self-renewal of neural stem cells, in addition to neuronal differentiation (48) (49) (50) (51) . For example, ID1 exhibits precocious neurogenesis by sustaining transcription factor HES-1 expression in the mouse brain (52) . To the best of our knowledge, no studies regarding the association between ID proteins and scopolamine-induced cognitive deficits have been reported, and the alteration of ID expression in the hippocampus with cognitive impairment has not investigated. The present study examined whether vanillin may improve scopolamine-induced cognitive impairment by preventing the reduction of immunoreactivity and the expression of ID1 protein in the mouse hippocampus, and it was observed that the ID1 protein level in the hippocampus was decreased from 1 week and was significantly decreased at 4 weeks post-treatment with scopolamine. In addition, ID1 immunoreactivity in cells in the hippocampal CA1-3 areas and dentate gyrus significantly decreased from 1 week and disappeared 4 weeks post-treatment with scopolamine. Therefore, it is likely that a decrease in or inhibition of ID1 expression in hippocampal neurons following chronic systemic treatment with scopolamine may be associated with scopolamine-induced cognitive deficits, and that treatment with vanillin in scopolamine-treated mice significantly restored ID1-immunoreactive cells and expression 4 weeks subsequent to the treatment.
GABAergic interneurons synthesize and release GABA, and contribute substantially to inhibitory regulation in the adult neuronal network (53) . It was previously demonstrated that cognitive deficiency is caused by the degeneration of GABAergic neurons in the medial septal region (54, 55) . Studies have reported that GABAergic neuronal dysfunction is responsible for the network alteration associated with cognitive deficits in Alzheimer's disease and aging (29) (30) (31) . In addition, GABAergic neurons express the muscarinic acetylcholine receptor (56) , and scopolamine blocks muscarinic receptors in GABAergic neurons. Studies have suggested that the muscarinic acetylcholine receptor may mediate the antidepressant action of scopolamine (57, 58) . According to these previous results, it may be suggested that GABAergic-cholinergic interactions in the hippocampus may affect cognitive deficits. Li et al (59) reported that GABAergic interneuronal dysfunction may lead to an impairment in adult hippocampal neurogenesis in mice. In addition, a recent study reported that ID1-immunoreactive cells were identified as GABAergic interneurons (28) . In the present study, ID1 immunoreactivity, which is expressed in GABAergic interneurons in the mouse hippocampus, was readily inhibited by chronic treatment with scopolamine. Based on the above findings, it may be suggested that the ID1 protein is involved in the dysfunction of GABAergic neurons following treatment with scopolamine.
In conclusion, the results of the present study revealed that vanillin was able to significantly improve scopolamine-induced cognitive impairment by preventing the reduction of immunoreactivity and expression of ID1 protein in the mouse hippocampus. Therefore, vanillin may be efficacious for the prevention and treatment of cognitive impairment and is a worthy candidate for clinical evaluation.
